High potency of indolyl aryl sulfone nonnucleoside inhibitors towards drug-resistant human immunodeficiency virus type 1 reverse transcriptase mutants is due to selective targeting of different mechanistic forms of the enzyme
Abstract
Indolyl aryl sulfone (IAS) nonnucleoside inhibitors have been shown to potently inhibit the growth of wild-type and drug-resistant human immunodeficiency virus type 1 (HIV-1), but their exact mechanism of action has not been elucidated yet. Here, we describe the mechanism of inhibition of HIV-1 reverse transcriptase (RT) by selected IAS derivatives. Our results showed that, depending on the substitutions introduced in the IAS common pharmacophore, these compounds can be made selective for different enzyme-substrate complexes. Moreover, we showed that the molecular basis for this selectivity was a different association rate of the drug to a particular enzymatic form along the reaction pathway. By comparing the activities of the different compounds against wild-type RT and the nonnucleoside reverse transcriptase inhibitor-resistant mutant Lys103Asn, it was possible to hypothesize, on the basis of their mechanism of action, a rationale for the design of drugs which could overcome the steric barrier imposed by the Lys103Asn mutation.
Anti-AIDS therapy is actually based on three classes of anti-human immunodeficiency virus (HIV) drugs, the nucleoside reverse transcriptase inhibitors (NRTIs), the nonnucleoside reverse transcriptase inhibitors (NNRTIs), and the protease inhibitors. More recently, enfuvirtide, a 36-amino-acid residue peptide acting as a viral entry inhibitor, has been licensed for the treatment of HIV infection (7, 8) . NRTIs, NNRTIs, and protease inhibitors are mixed in highly active antiretroviral therapy, which dramatically slows down viral replication, but they are unable to eradicate the viral infection (29) . Moreover, the rapid development of drug resistance and toxicity problems make urgent the discovery of novel anti-HIV agents effective against resistant mutants and without unpleasant side effects (14) .
NNRTI interaction with HIV-1 reverse transcriptase (RT) is a highly dynamic process (6) . Crystal structures of RT-NNRTI complexes (19) showed that the drugs interacted with a hydrophobic pocket (nonnucleoside binding site [NNBS] ) on the enzyme in a "butterfly-like" mode. One of the "wings" of this butterfly is made of a -electron-rich moiety (phenyl or allyl substituents) that interacts through -interactions with a hydrophobic pocket formed mainly by the side chains of aromatic amino acids (Tyr181, Tyr188, Phe227, Trp229, and Tyr318). On the other hand, the other wing is normally represented by a heteroaromatic ring bearing at one side a functional group capable of donating and/or accepting hydrogen bonds with the main chain of Lys101 and Lys103. Finally, on the butterfly body, a hydrophobic portion fills a small pocket formed mainly by the side chains of Lys103, Val106, and Val179. Upon complexation, the NNBS hydrophobic pocket changes its own conformation, leading to the inactivation of the enzyme itself. Because of the different chemical and structural features of the inhibitors and the side chain flexibility, the bound NNBS adopts different conformations (28) . Moreover, mutations of some amino acids cause variation of the NNBS properties, thus decreasing affinities of most of the inhibitors (12, 24, 25) . In particular, the NNRTI resistance mutations Tyr188Leu and Tyr181Ile/Cys reduce -interactions, the Gly190Ala mutation leads to a smaller active site space because of a steric conflict between the methyl side chain and the inhibitor, and the formation of an additional hydrogen bond when amino acid 103 is mutated from Lys to Asn reduces inhibitor entrance into the NNBS.
However, HIV-1 RT itself also undergoes a conformational reorganization upon interaction with its substrates templateprimer (TP) and deoxynucleoside triphosphate (dNTP), so that three structurally distinct mechanistic forms can be recognized in the reaction pathway catalyzed by HIV-1 RT (1, 11) : the free enzyme, the binary complex of RT with the template-primer (RT/TP), and the catalytically competent ternary complex of RT with both nucleic acid and dNTP (RT/TP/ dNTP). This means that, in principle, the NNBS might not be identical in these three mechanistic forms. Several kinetic studies have shown that this is indeed the case, so that some NNRTIs selectively target one or a few of the different enzymatic forms along the reaction pathway (5, 13, 15) . This observation likely reflects the different spatial rearrangements not only of the NNBS itself but also of the adjacent nucleotide binding site (3, 20, 26, 27) . Indeed, it has been shown that a "communication" exists between the NNBS and the nucleotide binding site, so that some NRTI resistance mutations can influence NNRTI binding and vice versa (2, 4, 20) . Thus, understanding the molecular determinants governing the selective interaction of a drug with the three different NNBS structures present along the RT reaction pathway will be important for the design of novel, highly selective, and potent NNRTIs.
During extensive structure-activity relationship studies on diarylsulfones, we identified pyrryl sulfones and the novel indolyl aryl sulfones (IASs) as highly potent NNRTIs (18, 22, 23) . In particular, indole derivatives bearing 2-methylphenylsulfonyl or 3-methylphenylsulfonyl moieties were found to inhibit HIV-1 at nanomolar concentrations. Furthermore, the introduction of a 3,5-dimethylphenylsulfonyl moiety led to a compound displaying high activity and selectivity not only against the wild-type strain but also against the Tyr181Cys and Lys103Asn-Tyr181Cys viral variants and the efavirenz-resistant mutant Lys103Arg-Val179Asp-Pro225His.
In light of their extremely potent activities, especially towards NNRTI-resistant mutants, we sought to investigate in detail the mechanism of action of some selected IAS derivatives. In this work, we show that IASs do not display a unique mode of action but rather that they can selectively bind different mechanistic forms of the enzyme, depending on the substituents introduced on the drug pharmacophore. These results suggest that IASs are very flexible molecules, interacting dynamically with the viral RT.
MATERIALS AND METHODS

Chemicals. [
3 H]dTTP (40 Ci/mmol) was from Amersham, and unlabeled dNTPs were from Boehringer. Whatman was the supplier of the GF/C filters. All other reagents were of analytical grade and purchased from Merck or Fluka.
Chemistry. (21) , and 4,5-difluoro-3-[(3,5-dimethylphenyl) sulfonyl]-1H-indole-2-carboxamide (RS1866) (R.S., unpublished data) were obtained by heating the corresponding esters with concentrated ammonium hydroxide in a sealed tube. The starting esters needed for the preparation of RS1202, RS1588, and RS1866 were obtained by oxidation of the corresponding 3-arylthio-1H-indole-2-carboxylates using 3-chloroperoxybenzoic acid (MCPBA). The ethyl ester of N-{3-[ (3,5- Nucleic acid substrates. The homopolymer poly(rA) (Pharmacia) was mixed at weight ratios in nucleotides of 10:1 to the oligomer oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Pharmacia) in 20 mM Tris-HCl (pH 8.0) containing 20 mM KCl and 1 mM EDTA, heated at 65°C for 5 min, and then slowly cooled at room temperature.
Expression and purification of recombinant HIV-1 RT forms. Recombinant heterodimeric wild-type RT and the Lys103Asn and Tyr181Ile variants were expressed and purified to Ͼ95% purity (as judged by sodium dodecyl sulfatepolyacrylamide gel electrophoresis) as described previously (12) .
HIV-1 RT RNA-dependent DNA polymerase activity assay. RNA-dependent DNA polymerase activity was assayed as follows. A final volume of 25 l contained buffer A (50 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol, 0.2 mg/ml bovine serum albumin, 4% glycerol), 10 mM MgCl 2 , 0.5 g of poly(rA)/oligo(dT) 10:1 (0.3 M 3Ј-OH ends), 10 M [ 3 H]dTTP (1 Ci/mmol), and 5 to 10 nM RT. Reactions were incubated for 10 min at 37°C. Aliquots (20 l) were then spotted on glass fiber filters (GF/C filters), which were immediately immersed in 5% ice-cold trichloroacetic acid. Filters were washed twice in 5% ice-cold trichloroacetic acid and once in ethanol for 5 min and dried, and acid-precipitable radioactivity was quantitated by scintillation counting.
Inhibition assays. Reactions for inhibition assays were performed under the conditions described for the HIV-1 RT RNA-dependent DNA polymerase activity assay. Incorporation of radioactive dTTP into poly(rA)/oligo(dT) at different concentrations of DNA or dNTP was monitored in the presence of increasing amounts of inhibitor as indicated in the figure legends.
Kinetics of inhibitor binding. Kinetics of inhibitor binding experiments were as described previously (12) . Briefly, HIV-1 RT (20 to 40 nM) was incubated for 2 min at 37°C in a final volume of 4 l in the presence of buffer A, with 10 mM MgCl 2 alone or with 100 nM 3Ј-OH ends (for the formation of the RT/TP complex), or in the same mixture complemented with 10 M unlabeled dTTP (for the formation of the RT/TP/dNTP complex). The inhibitor to be tested was then added to a final volume of 5 l at a concentration at which
Then, 145 l of a mix containing buffer A, 10 mM MgCl 2 , and 10 M [ 3 H]dTTP (5 Ci/mmol) was added at different time points. After an additional 10 min of incubation at 37°C, 50-l aliquots were spotted on GF/C filters, and acid-precipitable radioactivity was measured as described for the HIV-1 RT RNA-dependent DNA polymerase activity assay. The quantity v t /v 0 , representing the normalized difference between the amount of dTTP incorporated at the zero time point and at different time points, was then plotted against time. The k app values were determined by fitting the experimental data to the single-exponent equation v t /v 0 ϭ e Ϫk app t, where t is time. The k on and k off values were calculated according to the relationships (27) 
Kinetic model. The mechanism of action of IASs was found to be either fully noncompetitive or partially mixed. A schematic drawing of the different equilibria is depicted in Fig. 1 . According to the ordered mechanism of the polymerization reaction, whereby template-primer (TP) binds first followed by the addition of dNTP, HIV-1 RT can be present in three different catalytic forms as reported in Fig. 1A : as a free enzyme, in a binary complex with the TP, and in a ternary complex with TP and dNTP. The resulting rate equation for such a system is very complex and impractical to use. For these reasons, the general steady-state kinetic analysis was simplified by varying one of the substrates (either TP or dNTP) while the other was kept constant. When the TP substrate was held constant at saturating concentration and the inhibition at various concentrations of dNTPs was analyzed, at the steady state all of the input RT was in the form of the RT/TP binary complex and only two forms of the enzyme (the binary complex and the ternary complex with dNTP) could react with the inhibitor, as shown in the left part of Fig. 1B . Similarly, when the dNTP concentration was kept constant at saturating levels and the inhibition at various TP concentrations was analyzed, RT was present either as a free enzyme or in the ternary complex with TP and dNTP, as shown in the right part of Fig. 1B .
The steady-state rate equation used for the partially mixed inhibition was the one describing a reaction involving only two mechanistic forms of the enzyme (according to the simplified pathways in Fig. 1B 
where k cat is the apparent reaction rate in the absence of the inhibitor, kЈ cat is the reaction rate at infinite inhibitor concentration, E 0 is the total enzyme concentration, I is the inhibitor concentration, S is the substrate concentration, and K i and KЈ i are the equilibrium dissociation constants for the different enzymesubstrate complexes. According to Fig. 1B , when TP was held constant and only the dTTP concentration was varied, K i ϭ K bini (for the binding of the inhibitor to the binary complex RT/TP), whereas KЈ i ϭ K teri (for the binding of the inhibitor to the ternary RT/TP/dNTP complex). Conversely, when dTTP was VOL. 49, 2005 INDOLYL ARYL SULFONES TARGET DIFFERENT HIV-1 RT FORMSheld constant, K i referred to the binding of the inhibitor to the free enzyme, whereas KЈ i ϭ K teri (for binding to the ternary RT/TP/dNTP complex). The partially mixed mode of inhibition predicts that the enzyme-inhibitor complex is still able to bind the substrate but with a lower affinity constant KЈ s . Conversely, the enzyme-substrate complex binds the inhibitor but with a lower inhibition constant KЈ i . Moreover, the enzyme-inhibitor-substrate complex can still break down to give products but with a reduced catalytic rate kЈ cat (9) . Thus, equation 1 was used to derive the apparent reaction rate, k cat(app) , and affinity, K s(app) , for the TP and dNTP substrates of the reaction at different inhibitor concentrations. Then, K s , K i , KЈ i , and KЈ s were derived by computer fitting of the variation of the K s(app) values as a function of the inhibitor concentrations, according to the equations (9)
and
The KЈ i and kЈ cat values were derived by computer fitting of the variation of the k cat(app) values as a function of the inhibitor concentrations, according to the equation (9) 1/k cat(app) ϭ
For the fully noncompetitive case, kЈ cat ϭ 0, K s ϭ KЈ s , and K i ϭ KЈ i , and thus equation 1 simplifies to
Similarly, equation 4 simplifies to
Initial velocities of the reaction were determined after 10 min of incubation at 37°C, which represents the midpoint of the linear range of the reaction, as determined in separate experiments (data not shown). Each experiment was The general steady-state kinetic analysis was simplified by varying one of the substrates (either TP or dNTP) while the other was kept constant. When the TP substrate was held constant at saturating concentration and the inhibition at various concentrations of dNTPs was analyzed, at the steady state all of the input RT was in the form of the RT/TP binary complex and only two forms of the enzyme (the binary complex and the ternary complex with dNTP) could react with the inhibitor (left part of the panel). Similarly, when the dNTP concentration was kept constant at saturating levels and the inhibition at various TP concentrations was analyzed, RT was present either as a free enzyme or in the ternary complex with TP and dNTP (right part of the panel). For details, see Materials and Methods. 
RESULTS
IAS derivatives show high potencies of inhibition of HIV-1 wild-type RT and NNRTI-resistant mutants. The IAS derivatives RS1202, RS1588, RS1866, and RS1980 (Fig. 2) were tested against HIV-1 wild-type RT and different NNRTI-resistant RT mutants. As summarized in Table 1 , all four derivatives showed potent inhibition towards wild-type RT. In general, the inhibition activities were higher towards the mutants Leu100Ile, Val106Ala, and Val179Asp than towards the two mutants Tyr181Ile and Tyr188Leu. Interestingly, the compounds RS1202 and RS1588 showed little or no loss of potency towards the Lys103Asn mutant, being 400-to 600-fold more potent than nevirapine and efavirenz against this mutant. Given their interesting activity profile, the mechanism of inhibition of these IAS derivatives was studied in more detail. Increasing concentrations of either the dTTP or the poly(rA)/ oligo(dT) substrates were titrated into the reaction in the presence of increasing fixed amounts of inhibitors. From the variation of the apparent affinity of the enzyme for its substrates, K s(app) , and the apparent reaction rate, k cat(app) , as a function of the inhibitor concentration, all of the kinetic parameters for drug binding were determined, as explained in Materials and Methods and in Fig. 1 .
RS1866 is a fully noncompetitive inhibitor of HIV-1 RT. As shown in Fig. 3A , the IAS derivative RS1866 showed a fully noncompetitive mechanism of action, since it did not influence the affinity of the enzyme for the substrates, affecting only the rate of the reaction. Accordingly, the reciprocals of the k cat(app) values followed linear relationships as a function of the inhibitor concentrations, as described by equation 6 in Materials and Methods.
RS1588 is a partially noncompetitive inhibitor of HIV-1 RT which shows preferential binding to the free enzyme. The same kind of analysis was applied to the compound RS1588. As shown in Fig. 3B , this inhibitor did not influence the affinity of wild-type RT for the reaction substrates, affecting only the reaction rate. However, the reciprocals of the k cat(app) values did not follow a linear relationship with the inhibitor concentrations, as expected for a fully noncompetitive inhibitor, but instead followed the nonlinear relationship described by equation 4 of Materials and Methods, diagnostic of a partially noncompetitive type of inhibition (Fig. 3B) . Thus, the reaction rate extrapolated at infinite inhibitor concentration (kЈ cat ) was found to be 2.5 to 3% of the uninhibited reaction, indicating a maximum of 97% to 98% inhibition. Interestingly, from the variation of the k cat(app) values measured in the presence of various concentrations of the poly(rA)/oligo(dT) substrate, an inhibition constant (K i ) value of 0.4 nM was calculated (Fig. 3B,  circles) , whereas the same analysis performed with the k cat(app) values measured in the presence of various concentrations of the dTTP substrate yielded a K i of 2.7 nM (Fig. 3B, triangles) . According to the scheme outlined in Fig. 1B , these values represent the apparent binding constants of the inhibitor to the free enzyme and the ternary RT/TP/dNTP complex, respectively. Thus, even though RS1588 binding did not affect the affinity of RT for the substrates, the binding of the substrates to the enzyme reduced the apparent K i of the inhibitor. RS1202 is a mixed inhibitor which binds preferentially to the free enzyme and is partially competitive with the nucleic acid substrate. When the IAS derivative RS1202 was studied, a strong reduction of the apparent affinity for the nucleic acid substrate but not for dTTP was noted. The increase in the K s(app) 3Ј-OH (apparent affinity for the nucleic acid substrate) values as a function of increasing inhibitor concentration (Fig.  3C ) suggested a partially competitive inhibition. In addition, the reciprocal of the variation of the k cat(app) values followed a nonlinear relationship, as in the case of RS1588, indicating a partially noncompetitive mechanism (Fig. 3D ) with a maximal reduction of the reaction rate of 95%. Thus, RS1202 behaved as a mixed inhibitor, and according to the kinetic model outlined in Fig. 1B , all of the kinetic parameters were determined as described in Materials and Methods. As a result, it was found that RS1202 interacted preferentially with the free enzyme (similarly to RS1588), with a K i of 0.3 nM. Binding of the nucleic acid substrate to the enzyme reduced the affinity of the inhibitor by fourfold, giving a K i bin/ter of 1.2 nM. RS1980 is a mixed inhibitor which is partially competitive with the nucleotide substrate. Similar experiments were conducted with the compound RS1980 (Fig. 3E and F) . This inhibitor showed a partially competitive mechanism with the nucleotide substrate, as shown by the increase in the K s(app) TTP (apparent affinity for the nucleotide substrate) values as a function of increasing inhibitor concentrations (Fig.  3E) . Again, the reciprocal of the variation of the k cat(app) values followed a nonlinear relationship, as in the case of RS1588, indicating a partially noncompetitive mechanism (Fig. 3F ) with a maximal inhibition of 92%. Determination of the kinetic constant according to the reaction scheme outlined in Fig. 1 revealed that RS1980 binding to the ternary RT/TP/dNTP complex was reduced 10-fold with respect to either the free enzyme or the binary RT/TP complex (compare K i and K i bin with K i ter values). Preferential binding of IAS derivatives to specific reaction intermediates is mainly driven by differences in the association rates. The differences in the equilibrium dissociation constants K i , K i bin , and K i ter of the inhibitors for the different reaction intermediates could reflect either slower association (k on ) or faster dissociation (k off ) rates or both. In order to more quantitatively address which step of inhibitor binding was affected by the nucleic acid or the nucleotide substrates, the association and dissociation rates of the different IAS derivatives were determined for the free enzyme and the binary RT/TP and ternary RT/TP/dNTP complexes. Experiments were performed as described in Materials and Methods, and the calculated rate constants are summarized in Table 2 . As can be seen, the preference of RS1202 for the free enzyme, as well as the improved binding of RS1980 to both the free enzyme and the binary complex, was due to a faster association rate, whereas the dissociation step was not significantly affected. Notably, RS1588 showed a threefold reduction of its k on and a concomitant threefold increase in its k off values for the binary complex with respect to the free enzyme. Taken together, these results indicate that binding of either the nucleic acid or the nucleotide substrate to HIV-1 RT imposed some steric and/or thermodynamic barrier to subsequent inhibitor binding. As a comparison, the association and dissociation rates were also determined for the two clinically approved NNRTIs nevirapine and efavirenz. It can be seen that all of the IAS derivatives were superior to both reference drugs in terms of binding, showing much faster association rates, whereas the dissociation rates were of the same order of those of efavirenz but significantly better (i.e., slower) than those of nevirapine. n.d. a Enzyme-substrate complexes and kinetic constants are as defined in Fig. 1 . Numbers are the mean values of three independent experiments and (standard deviations). n.d., not determined; EFV, efavirenz; NVP, nevirapine; n.a., not applicable (the affinity of EFV for the RT K103N and RT K103N /TP complexes was too low to be measured).
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A high potency of inhibition towards Lys103Asn mutant RT correlates with preferential association of IASs with the unliganded form of the enzyme. As reported in Table 1 , both RS1202 and RS1588 retained high activity against the Lys103Asn mutant RT. Remarkably, RS1588 inhibited the mutated enzyme with the same potency as the wild type. Thus, the mechanism of inhibition by RS1202 and RS1588 towards the Lys103Asn mutant was investigated. The calculated kinetic parameters for the different enzymatic forms are listed in Table 2 . Both RS1202 and RS1588 preferentially bound to the unliganded form of the Lys103Asn mutant, as in the case of wild-type RT. However, their association rates (k on ) were decreased by the Lys103Asn mutation, in accord with previous structural and enzymatic studies which showed that this mutation increased the thermodynamic barrier for drug binding. Remarkably, RS1202 and RS1588 showed a slower dissociation rate (k off ) from the mutant enzyme with respect to wildtype RT, thus explaining their high inhibition potencies (K i ). Compared with the NNRTI nevirapine, which does not discriminate among the different enzymatic forms, or efavirenz, which selectively targets the ternary RT/TP/dNTP complex, it could be seen that both IASs showed more favorable interaction parameters. These results suggested that drugs which selectively target the unliganded form of the RT might be less sensitive to the steric barrier imposed by the Lys103Asn mutation.
DISCUSSION
The results of our investigation of the mechanism of action of selected IAS derivatives showed that the nature of the substituents on the drug pharmacophore can influence the selective interaction of the drug with different mechanistic forms of the viral RT. Similar properties have been already observed for other NNRTIs, such as efavirenz, the pyrrolobenzoxazepinone derivative PPO464, and the carboxanilide derivatives UC38 and UC84 (10, 13, 15) , suggesting that a preferential complementarity exists between the structure of the inhibitor molecule and the different spatial conformations of the NNBS.
The structure-function relationships of our IAS derivatives are schematically drawn in Fig. 4 . The compound RS1866 {4,5-difluoro-3-[(3,5-dimethylphenyl)sulfonyl]-1H-indole-2-carboxyamide} showed a fully noncompetitive mode of action, being able to bind to all of the different reaction intermediates (RT, RT/TP, and RT/TP/dNTP complexes) (Fig. 1A) with equal affinities. Changing the nature of the alkyl group to give the compound RS1588 {5-chloro-3-[(3,5-dimethylphenyl)sulfonyl]-1 H-indole-2-carboxyamide} also modified the mechanism of inhibition, rendering the drug more selective for the free enzyme with respect to the binary and ternary complexes. Elimination of the 3,5-methyl groups gave the compound RS1202 [5-chloro-3-(phenylsulfonyl)-1H-indole-2-carboxyamide], which was very selective for the free enzyme, like RS1588, but also showed a partially competitive mechanism of action towards the nucleic acid substrate. On the other hand, introducing an alaninamide moiety into compound RS1588 to give its derivative RS1980 (N-{3-[(3,5-dimethylphenyl)sulfonyl]-5-chloro-1H-indole-2-carbonyl}alaninamide) made the drug capable of discriminating against the RT/TP/dNTP ternary complex, with a partially competitive mode of action towards the dNTP substrate.
Drug binding studies showed that the main determinant for drug selectivity was the inhibitor association rate, suggesting that the structural reorganization of the NNBS upon formation of the binary and ternary complexes of RT with its substrates introduced some steric and/or thermodynamic barriers which were differentially "sensed" by the substituents on the drug molecule, depending on their spatial arrangement.
This inherent flexibility of the IAS derivatives, and their consequent ability to selectively target specific enzymatic forms, also had some consequences for their interaction with NNRTI-resistant mutated RT enzymes, such as Lys103Asn and Tyr181Ile. In fact, as can be seen from Table 1 , the compounds which selectively targeted the free enzyme, that is, RS1588 and RS1202, were also the least affected by the Lys103Asn mutation. On the other hand, those compounds which did not discriminate between the free enzyme and the binary RT/TP complex, that is, RS1866 and RS1980, showed a loss of activity of about 75-to 150-fold. The RS1866 derivative was the most affected by the Tyr181Ile mutation, but the other compounds also showed significant losses of potency against this mutant.
When the mechanism of inhibition of the Lys103Asn mutant by RS1202 and RS1588 was investigated, both compounds were shown to selectively target the unliganded form of the mutant RT, as in the case of the wild-type enzyme, but the association rates (k on ) of both drugs were reduced. This is consistent with the well-known effect of the Lys103Asn mutation, which introduces a steric barrier to drug binding (12) . On the other hand, RS1202 and RS1588 showed slower dissociation rates (k off ) from the Lys103Asn mutant than from wildtype RT. By comparison, the NNRTIs efavirenz and nevirapine suffered from similar reductions in their k on values but no compensatory decrease in their k off rates. Thus, our results suggest that drugs selectively targeting the unliganded form of the enzyme might efficiently overcome the steric barrier introduced by the Lys103Asn mutation by decreasing their association rates from the mutated enzyme, as we have shown in the case of RS1202 and RS1588. This observation might help in the design of more active compounds. Several hypotheses have been made, based on kinetic, crosslinking, and structural studies, to explain the mechanism of inhibition of the chemical step by NNRTIs (11, 19, 26, 27) . Binding of an NNRTI leads to displacement of the ␤12-␤13 hairpin, which has direct interaction with the nucleic acid substrate. Thus, it is possible that this alteration in the position of the nucleic acid relative to the polymerase active site is responsible for NNRTI inhibition. Another possible mechanism can be hypothesized from the observation that the NNBS includes residues (Tyr181 and Tyr188) in the ␤9-␤10 hairpin, which contains two of the three active-site aspartic acids (Asp185 and Asp186). There are also contacts between some NNRTIs and the ␤6 strand that carries the third active-site aspartate (Asp110). Again, even a moderate shift in the positions of the active-site residues could interfere with the chemical step of polymerization. Finally, it has been suggested that the fingers subdomain of RT may not adopt a fully closed conformation if both a dNTP and an NNRTI are bound to the enzyme. Since proper closure of the fingers is important for the positioning of the dNTP and the primer relative to the polymerase active site, preventing the proper closure of the fingers subdomain would interfere with the chemical step of DNA synthesis.
Different NNRTIs might act through one or more of these mechanisms; however, all of the NNRTIs studied so far do not interfere with the binding of either the dNTP or the nucleic acid substrate. On the other hand, the IAS derivatives described here showed different mechanisms of action, being able to discriminate between different mechanistic forms of the viral RT and being partially competitive towards either the nucleic acid or the dNTP substrate. These observations further reinforce the notion that the interaction of IASs with the NNBS of HIV-1 RT is novel and different from the other NNRTIs (18).
It thus appears that the IAS derivatives shown here are very sensitive to the structural modifications occurring at the NNBS upon complexation of the RT with its substrates and that their sensitivity can be modulated through small modifications of the drug molecule.
